Background: Video capsule endoscopy (VCE) and magnetic resonance enterography (MRE) are the prime modalities for the evaluation of small bowel (SB) Crohn's disease (CD). Mucosal inflammation on VCE is quantified using the Lewis score (LS). Diffusion-weighted (DW) magnetic resonance imaging (MRI) allows for accurate assessment of SB inflammation without administration of intravenous contrast material. The Magnetic Resonance Index of Activity (MaRiA) and the Clermont index are quantitative activity indices validated for contrast-enhanced MRE and DW-MRE, respectively. The aim of this study was to compare the quantification of distal SB inflammation by VCE and MR-related activity indices. Methods: Patients with known quiescent SB CD were prospectively recruited and underwent MRE and VCE. LS, MaRIA and Clermont scores were calculated for the distal SB. Results: Both MRI-based indices significantly correlated with the LS and the Clermont index (r = 0.50, p = 0.001 and r = 0.53, p = 0.001, respectively). Both MaRIA and Clermont scores were significantly lower in patients with mucosal healing (LS < 135). The area under the curve (AUC) with both MR scores was moderate for prediction of any mucosal inflammation (LS ⩾ 135) and excellent for prediction of moderate-to-severe inflammation (LS ⩾ 790) (0.71 and 0.74 versus 0.93 and 0.91 for MaRIA and Clermont score, respectively). Conclusions: Modest correlation between VCE-and MRE-based quantitative indices of inflammation in patients with quiescent SB CD was observed. Between-modality correlation was higher in patients with endoscopically severe disease. DW-MRE gauged by Clermont score was at least as accurate as contrast-enhanced MRE for quantification of SB inflammation.
Introduction
The treatment paradigm in Crohn's disease (CD) has shifted from targeting symptoms towards reducing inflammatory activity and achieving mucosal healing, as mucosal healing was repeatedly demonstrated to be associated with improved short-and long-term outcomes [Schnitzler et al. 2009; Baert et al. 2010] . Unfortunately, in the colon, evaluation of mucosal healing necessitates repeated endoscopies, associated with risks and inconveniency to patients. Evaluation of small bowel (SB) inflammation by endoscopy is even more challenging. The poor correlation between clinical symptom-based indices such as the Crohn's disease activity index (CDAI) with endoscopic and biochemical disease activity has been Magnetic resonance enterography versus capsule endoscopy activity indices for quantification of small bowel inflammation in Crohn's disease extensively demonstrated [Peyrin-Biroulet et al. 2014] . Inflammatory biomarkers such as C-reactive protein (CRP) and fecal calprotectin (FCP) provide a valuable insight into the inflammatory burden of the disease. Nonetheless, the accuracy of both for the assessment of mucosal healing is limited. Approximately 30% of CD patients do not present with elevated CRP levels even during clinical relapse [Kopylov et al. 2014] . FCP is strongly correlated with colonic inflammation, but its accuracy in isolated SB disease [Costa et al. 2003 [Costa et al. , 2005 Koulaouzidis et al. 2011; Laharie et al. 2011 ] is limited.
Video capsule endoscopy (VCE) and magnetic resonance enterography (MRE) are both leading modalities for SB assessment in patients with suspected and established CD [Annese et al. 2013] . VCE has been established as an accurate modality for CD diagnosis, with diagnostic yield superior to that of CT enterography, ileocolonoscopy SB follow-through [Dionisio et al. 2010 ] and possibly MRE [Jensen et al. 2011; Wiarda et al. 2012] . SB inflammation on VCE can be quantified using two diagnostic scores, the Lewis score (LS) [Gralnek et al. 2008] and capsule endoscopy Crohn's disease activity index (CECDAI) [Gal et al. 2008 ]. Both were recently validated for monitoring of inflammatory activity in SB [Cotter et al. 2014; Hall et al. 2014] . The utility of MRE for quantitative evaluation of SB inflammation in CD is established [Rimola et al. 2009 [Rimola et al. , 2011 Ordas et al. 2014 ]; a novel MRE-based index [Magnetic Resonance Index of Activity (MaRIA) score] demonstrated significant correlation with the Crohn's Disease Endoscopic Index of Activity (CDEIS) [Rimola et al. 2011; Ordas et al. 2014 ]. Diffusion-weighted (DW)-MRE yields comparable performance and does not require intravenous contrast material [Hordonneau et al. 2014 ]. The DW-MRE-based Clermont index, which incorporates the apparent diffusion coefficient (ADC), was recently validated in distal SB CD and was strongly correlated with MaRIA and the Simple Endoscopic Score for CD (SES-CD) [Caruso et al. 2014 ]. However, neither MaRIA nor the Clermont score were ever correlated with VCEderived markers of endoscopic activity that may potentially provide a more accurate assessment of SB mucosal inflammation.
The aims of this study were to evaluate the correlation of MRE-and VCE-derived activity indices in the distal SB, and to evaluate the correlation of these indices with inflammatory biomarker levels.
Methods

Patient population
This was a prospective observational study. The study population included adult (>18 years) CD patients with known SB disease in remission or experiencing mild disease symptoms, as determined by a CDAI of <220. All patients were in corticosteroid-free remission for 3-24 months and were treated with a stable medication dose (60 days for thiopurines and methotrexate, 60 days for infliximab, 30 days for adalimumab and for 5-ASA agents).
Patients were excluded if they were unable to understand or provide informed consent, had severe comorbidities such as liver, kidney neurologic, metabolic or cardiorespiratory disorders not controlled at the time of enrollment, had difficulty in swallowing, history of aspirations or dysphagia, claustrophobia, implanted metal objects or cardiac pacemaker precluding performance of MRI, or had known or suspected intestinal obstruction or severe stricture.
All patients signed an informed consent and the study was approved by the institutional ethics review board.
Study procedure MRE scans. All patients underwent MRE upon enrollment. All MRE examinations were performed using a 1.5 T GE Optima MR450w scanner with GEM Suite (GE Healthcare) with oral and intravenous contrast. MR image acquisition was performed using a previously described protocol [Shrot et al. 2011] . SB distention was obtained by using oral contrast: 360 ml of Osmitrol 20% diluted in 1.5 liter of water. Patients were instructed to drink four doses of 465 ml every 15 minutes an hour before undergoing the MRE examination. During the last 15 minutes, patients received via infusion 150 ml of saline containing 0.5 mg of glucagon in a slow drip. The protocol for MR image acquisition is outlined in online Supplementary Table 1 . Axial and coronal LAVA (liver acquisition with volume acquisition) sequences were acquired before and 40 seconds after intravenous administration of gadolinium (0.5 mmol/ml by 0.2 ml/kg). A segmental MaRIA score was calculated using the following formula: MaRIA = 1.5 × wall thickness (mm) + 0.02 × relative contrast enhancement + 5 × edema + 10 × ulcers [Rimola et al. 2009 ]. Similarly, a segmental Clermont score was calculated using the following formula: Clermont = −1.32 × ADC (10 −3 mm 2 /s) + 1.646 × wall thickness (mm) + 8.306 × ulcers + 5.613 × edema + 5.039 [Buisson et al. 2013] . For the purpose of MaRIA and Clermont score calculation, the distal SB was defined as the distal 20 cm of the terminal ileum. A board-certified abdominal radiologist with 10 years of experience in reading MRE reviewed all MRE examinations Capsule endoscopy studies. A patency capsule (PC) test (Given Imaging, Yokneam, Israel) was performed in all patients with active SB disease detected on MRE. If no active SB disease was detected by MRE, a PC study was not performed. If the PC was not eliminated from the SB within 30 hours, the patients were withdrawn from the study. In patients with isolated SB CD (L1 by the Montreal classification), SB-III capsule (Given Imaging, Yokneam, Israel) was used. In patients with SB and colonic CD (L3), a colonic capsule (PillCam colonic capsule 2, Given Imaging, Yokneam, Israel) was administered; in these patients, the SB data was reviewed and scored as described for the SB capsule.
The preparation for VCE included intake of clear fluids only for 24 hours prior to the procedure and a 12-hour overnight fast. For a colonic capsule study, a split-dose PEG preparation was used. An additional fluid bolus was given after 2 hours from ingestion of the capsule in order to facilitate SB transit. All images were reviewed using the RAPID 8 software (Given Imaging, Yokneam, Israel). The adaptive frame rate mode was activated to ensure visualization of the entire SB. Mucosal inflammation was quantified using the LS [Gralnek et al. 2008] . Mucosal healing was defined as LS < 135, mild-to-moderate inflammation as LS of 135-790, and moderate-to-severe inflammation as LS ⩾ 790 [Gralnek et al. 2008] . LS was calculated automatically (RAPID Reader, Given Imaging, Yokneam, Israel) for SB-III capsule, and manually for the colonic capsule. The inflammatory activity in the distal SB (third tertile) was correlated with the MR-derived scores.
Inflammatory biomarkers. FCP levels were measured using the Quantum blue calprotectin kit (BÜHLMANN Laboratories AG, Basel, Switzerland). The reported value range is 30-300 μg/g. Levels >100 μg/g were considered positive. CRP levels were considered elevated if >5 mg/l.
The study was approved by the institutional ethics review board.
Statistical analysis
Descriptive statistics were presented as means ± standard deviations for continuous variables and [Fleiss, 1981] . A two-tailed p value <0.05 was considered statistically significant. The receiver operating characteristic (ROC) curve was constructed for correlation of MaRIA score presence of any mucosal inflammation (LS ⩾ 135) and moderate-to-severe inflammation (LS > 790), and area under the curve (AUC) was calculated. An AUC of 0.6-0.7 was considered poor, and 0.9-1 as excellent. Overall agreement between the modalities for detection of small bowel ulcers and stenosis was evaluated using kappa statistics. The analysis was performed using IBM SPSS statistic (Version 20.0; Armonk, NY, USA).
Results
Patient population
Eighty one patients were enrolled and underwent MRE. One patient was excluded after an episode of severe abdominal pain following ingestion of oral contrast material for MRE; two additional patients were withdrawn from the study following a clinical relapse prior to VCE. 75%) . The overall between-modality agreement was low-to-moderate (K = 0.41, p = 0.02). The mean LS in the distal SB was 380 ± 570.
Correlation of the MaRIA score with the Lewis score The mean Maria score in the distal SB was 16.3 ± 10.3. The mean MaRIA score was significantly lower in patients with endoscopic mucosal healing in the distal SB (18 versus 38 patients, 7.9 ± 1.9 versus 10.8 ± 1.8, p = 0.007). The mean MaRIA score in patients with moderate-to-severe SB inflammation was significantly higher than that of patients with milder inflammation (8 versus 48 patients, 16.1 ± 9.9 versus 29.6 ± 6.3, p = 0.0001) (Figure 1(a) ). Significant correlation was demonstrated between the MaRIA score and LS (r = 0.50, p = 0.0001).
The AUC for MaRIA score for detection of any active inflammation in the distal SB (LS ⩾ 135) was 0.71 (p = 0.017). The optimal accuracy for prediction of mucosal inflammation by VCE corresponded to MaRIA score of 7.6 (sensitivity 82.9%, specificity 58.6%). The AUC for detection of moderate-to-severe inflammation (LS ⩾ 790) was 0.93 (p = 0.0001) with MaRIA score of 22.6, associated with a sensitivity of 100% and specificity of 88.9%.
Correlation of the Clermont score with the Lewis score
The mean Clermont score was 18.9 ± 10.8. The Clermont score significantly correlated with the LS (r = 0.53, p = 0.001). The mean Clermont score was significantly lower in patients with mucosal healing in the distal SB (18 versus 38 patients, 6.6 ± 10.5 versus 12.1 ± 8.1, p = 0.005). The mean Clermont score in patients with moderate-to-severe SB inflammation was significantly higher compared with that of patients with mild inflammation (8 versus 48 patients, 16.6 ± 9.4 versus 30.7 ± 5.4, p = 0.0001) (Figure 1(b) ).
The AUC for the Clermont score for detection of any active inflammation in the distal SB (LS ⩾ 135) was 0.74 (p = 0.006). The optimal accuracy for prediction of mucosal inflammation by VCE corresponded to a Clermont score of 8.1 (sensitivity 82.9%, specificity 58.8%). The AUC for detection of moderate-to-severe inflammation (LS ⩾ 790) was 0.91 (p = 0.0001) with Clermont score of 25.2, associated with a sensitivity of 100% and specificity of 88.9%.
Correlation with inflammatory biomarkers. FCP levels were moderately correlated with both MR indices ( Safety. One patient had a symptomatic PC retention manifesting with abdominal pain and vomiting. The patient was treated with corticosteroids with subsequent resolution of the symptoms within 2 days. An additional patient had an episode of severe abdominal pain following ingestion of oral contrast material for MRE. No adverse effects related to VCE ingestion or VCE retentions occurred in this study.
Discussion
The results of our study demonstrate correlation between quantitative characteristics of SB inflammation as demonstrated by VCE and MRE. Both modalities allow for accurate visualization of the SB and provide valuable clinical information for diagnosis and monitoring of SB CD [Cotter et al. 2014; Ordas et al. 2014] . Although the overall accuracy of MRE and VCE is comparable, the features of the data yielded by both are quite different and the degree of correlation was modest.
While VCE provides subtle details of mucosal appearance, MRE is useful for demonstration of intraluminal inflammation and edema (manifested by bowel wall thickness and attenuation), in addition to extraluminal complications such as abscesses and fistulae. These different capabilities were reflected by our results, as ulcers detected by VCE were reported by MRE in less than 1/3 of the patients. Moreover, VCE is more sensitive than MRE for detection of proximal SB disease (not evaluated in this study as MRI indices do not include the proximal segments). Despite the poor agreement between the modalities for detection of SB ulcers, there was a fair correlation in the quantitative assessment of disease severity between MRE and VCE. Interestingly, the accuracy of detection of ulcers by MRE was higher in patients with severe inflammation on VCE. In patients with mild-to-moderate inflammation, the accuracy of MRE for detection of endoscopically active disease was significantly more limited.
Our results suggest that severe inflammation in the small bowel will be accurately detected by both modalities, while in patients with mild-tomoderate mucosal inflammation MRE is likely to underestimate the inflammatory burden. These findings underscore the limitations of MRE for detection of mild disease, which is likely to be limited to the mucosal layer and not involve the deeper layers of the intestinal wall or significantly alter the vascular patterns.
Our study is the first to correlate MR-derived indices with VCE. Importantly, correlation of the MaRIA score results and VCE-derived indices was comparable with previous reports for ileocolonoscopic inflammation scores [Ordas et al. 2014; Caruso et al. 2014] . Moreover, there was a statistically significant difference in the mean MaRIA and Clermont scores in patients with mucosal healing, mild and moderate-to-severe inflammation. Interestingly, the MaRIA score associated with absence of ulcers on ileocolonoscopy (mucosal healing) as reported by Ordas and colleagues (MaRIA score of 7) [Ordas et al. 2014] was similar to our results. The performance of the MaRIA and Clermont scores was moderate for prediction of any mucosal inflammation, and excellent for prediction of moderate to severe inflammation. These results suggest that in patients with more significant disease there is a higher concordance of the inflammatory features depicted by both modalities. As reported previously [Kopylov et al. 2015a [Kopylov et al. , 2015b , inflammatory biomarkers do not reflect the full extent of the SB inflammation, as manifested by the moderate correlation of FCP with VCE and MRE scores. To date, the clinical significance of mild mucosal inflammation diagnosed by capsule endoscopy is unclear. The majority of the currently available data linking mucosal inflammation to long-term prognosis refers to colonic inflammation [Schnitzler et al. 2009; Baert et al. 2010; Peyrin-Biroulet et al. 2014] , and to the best of our knowledge there is no currently available data to clearly support this paradigm for SB mucosal healing. Further prospective studies are merited in order to establish whether SB mucosal healing should guide therapeutic changes in patients with SB CD.
In concordance with previous studies [Buisson et al. 2013; Hordonneau et al. 2014 ], DW-MR was at least as accurate as contrast-enhanced MRE, while allowing for accurate quantitative diagnosis without administration of intravenous contrast material. Intravenous gadolinium is associated with rare but serious adverse effects such as hypersensitivity reactions and nephrogenic systemic sclerosis [Rose and Choi, 2015] . The correlation between both MRE scores was excellent, as described previously [Buisson et al. 2013 , Hordonneau et al. 2014 .
Our study has several limitations. Primarily, the study cohort included only patients in clinical remission. Even though some degree of inflammatory activity was detected in the majority of patients, it is possible that inclusion of patients with clinically active disease may have yielded different results. Importantly, we may expect an even higher concordance between the modalities in patients with clinically active disease, as in our cohort patients with significant disease detected by VCE were more likely to have corresponding MRE findings. An additional limitation is the utilization of a modified MaRIA score. The original score [Rimola et al. 2009 ] includes segmental subscores accumulated for sections of the colon and the distal ileum. In our cohort, only a minority of patients had active colonic disease, and ileocolonoscopic surveillance was not performed. Henceforth we calculated and used for correlation only the segmental score for the distal ileum.
In addition, we did not calculate the MaRIA score for the proximal SB, due to a significantly diminished diagnostic performance of MRE in this segment [Dionisio et al. 2010 ], a particular limitation being the diminished ability to visualize fine details of the proximal SB mucosa, such as ulcerations that are an inherent component of both scores. Neither MaRIA nor Clermont score were calculated or validated in the proximal SB in previous studies.
In addition, it is impossible to perform an accurate estimation of bowel length using VCE, and the segments of the SB are separated by transit time, without a constant correlation between time and distance. For the purpose of the analysis, we used the distal third of the SB (last 33% of the SB transit time) for the LS.
In patients with active colonic disease we performed a pan enteric evaluation with the colonic capsule. The technical specifications of the PillCam Colon 2 capsule are similar to these of the SB-III (except for an additional camera and a higher speed of the adaptive frame rate). PillCam Colon 2 capsule setup allows for evaluation of the entire SB in a very similar way to that of the SB capsule. Several centers recently reported their successful experience with the colonic capsule for evaluation of the entire intestinal tract in patients with CD [Boal Carvalho et al. 2015; D'haens et al. 2015; Hall et al. 2015] Finally, our study cohort was composed of patients in clinical remission, with a relatively small proportion of patients with significant endoscopic inflammation. Our results might have been different in patients with clinically active or endoscopically more severe inflammation in the SB.
In conclusion, our study demonstrated a significant correlation between VCE-and MRE-based quantitative indices of inflammation in patients with quiescent SB CD. Despite several modality-specific limitations, both VCE and MRE provided an accurate and comprehensive evaluation of the SB, and were able to detect ongoing inflammation in a majority of patients with clinically quiescent disease. The concordance between the modalities was substantially better in patients with significant SB inflammation. DW MRE was at least as accurate as contrast-enhanced MRE for quantification of SB inflammation. The accuracy of these inflammatory indices for prediction of future relapses and longterm complications merits evaluation in future prospective studies.
